Abstract. Wnt/β-catenin signaling dysregulation is involved in tumorigenesis. Furthermore, epigenetic modification of the Dickkopf (DKK) family (DKK1-4) has been shown to be important in the regulation of Wnt signaling. However, the functions and mechanism of DKK2 in the development and progression of prostate cancer remain unclear. Therefore, the present study investigated the role of DKK2 in prostate cancer. The mRNA and protein expression levels of DKK2 in prostate cancer tissues and cells were assessed by reverse transcription-quantitative polymerase chain reaction and western blotting, respectively. The biological function of DKK2 in prostate cancer was investigated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide and transwell invasion assays. DKK2 was demonstrated to be upregulated in prostate cancer tissues and cells, and knockdown of DKK2 suppressed cell proliferation and invasion. Furthermore, small interfering RNA targeting DKK2 inhibited the expression of β-catenin, cyclin D1 and c-Myc in prostate cancer cells. The present report suggested that DKK2 downregulation suppressed the proliferation and invasion of prostate cancer cells by inhibiting the Wnt/β-catenin signaling pathway.
Introduction
Prostate cancer is the most common cancer type diagnosed in men from developed countries and is the leading cause of cancer mortalities worldwide (1) . Despite the various treatments for prostate cancer having been improved recently, therapy for patients with advanced prostate cancer still lacks efficacy. This is largely a result of a lack of knowledge regarding the molecular mechanism underlying the pathogenesis and progression of prostate cancer. Therefore, to improve the understanding of the mechanism associated with prostate cancer progression, it is vital to explore novel therapeutic strategies for patients with prostate cancer.
Accumulating evidence has demonstrated a significant role for the Wnt/β-catenin signaling pathway in the development and progression of human cancer (2) (3) (4) . The Dickkopf (DKK) family is one of the Wnt antagonist families, and inhibits Wnt signaling by binding to the lipoprotein receptor-related protein 5/6 component of the Wnt receptor complex (5) . DKK consists of four members, each of which possesses an N-terminal signal peptide and contains two conserved cysteine-rich domains separated by a linker region (6) . DKK2 is a secretory protein, and numerous previous studies have shown that it is involved in tumor cell proliferation, survival, migration and invasion. In renal carcinoma, the expression of DKK2 is epigenetically suppressed, and its ectopic expression reduces invasion and induces apoptosis of cancer cells (7) . DKK2 also increases tumor growth and metastasis through the transcriptional upregulation of matrix metalloprotease-1 in Ewing's Sarcoma (8) . Additionally, high expression of DKK2 has also been reported in colorectal cancer (9) . These findings suggested that DKK2 performs an oncogenic or a tumor-suppressing function depending on the cell type or context. However, the functions and mechanism of DKK2 in the development and progression of prostate cancer remain to be elucidated.
The present study found that DKK2 was upregulated in prostate cancer tissues and cells, and small interfering (si) RNA targeting DKK2 inhibited cell growth and invasion. In addition, the underlying molecular mechanism was also assessed in the present study. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The total RNA was extracted from primary tumor tissues or cells homogenized in TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Superscript First-Strand kit was used to synthesize first strand cDNA (Invitrogen; Thermo Fisher Scientific, Inc.). RT-qPCR was performed on the Bio-Rad iQ5 Quantitative PCR system (Takara Bio, Inc., Dalian, China). The primers used were as follows: DKK2, sense: 5'-AGT ACC CGC TGC AAT AATGG-3' and antisense: 5'-GAA ATG ACG AGC ACA GCA AA-3'; β-actin, sense: 5'-GAT CAT TGC TCC TCC TGAGC-3' and antisense: 5'-ACT CCT GCT TGC TGA TCC AC-3' (Sangon Biotech Co., Ltd.). A total of three independent experiments were performed for each reaction in triplicate.
Materials and methods

Human
Western blotting. The total proteins were extracted from cells using radioimmunoprecipitation lysis buffer (Beyotime Institute of Biotechnology, Inc., Nantong, China). Equal quantities of protein sample (30 µg) were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel, transferred onto nitrocellulose membranes (EMD Millipore, Boston, MA, USA) and blocked with 10% non-fat milk in phosphate-buffered saline at 4˚C overnight. The membranes were subsequently incubated with the following primary antibodies: Monoclonal mouse anti-β-catenin (1:3,000; sc-53484), monoclonal mouse anti-cyclin D1 (1:3,000; sc-20044), mouse monoclonal anti-c-Myc (1:2,500; sc-47694) and anti-β-actin (1:1,500; sc-47778; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) overnight at 4˚C. After washing with Tris-buffered saline/0.05% Tween-20 buffer, the membranes were incubated for 1 h at room temperature with rabbit anti-mouse IgG horseradish peroxidase-conjugated secondary antibody (1:3,000; sc-358917; Santa Cruz Biotechnology, Inc.). The membrane was subsequently washed and visualized by enhanced chemiluminescence detection system (GE Healthcare Life Sciences, Little Chalfont, UK).
Cell proliferation assay. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to determine cell proliferation. Briefly, the cells were seeded into 96-well plates at a density of 1x10 5 cells/well. Following treatment with siRNA-DKK2 or siRNA-mock, ~20 µl MTT (5 mg/ml) was added to each well and the cells were incubated for a further 6 h at 37˚C. The supernatant was replaced with 200 µl isopropanol to dissolve the formazan product. The cell viability was determined by measuring the absorbance at 490 nm using an ELISA microplate reader (Abcam, Cambridge, UK). All samples were performed in triplicate and the results are presented as the percentage of growth inhibition.
Cell invasion assay. Cell invasion was measured using a modified Boyden chamber coated with Matrigel (BD Biosciences, Bedford, MA, USA). The cells (1x10 5 cells/well) treated with siRNA-DKK2 or siRNA-mock were seeded into the upper compartment. The medium, including 10% fetal bovine serum, was added into the lower compartment. After 48 h, the cells that passed through the lower side of the membrane were stained with hematoxylin and eosin (Sigma-Aldrich), and were counted using a microscope. A total of five random fields were selected Statistical analysis. All results are presented as the mean ± standard deviation. Statistical analysis was performed using Student's t test for the comparison of two groups or one-way analysis of variance for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
DKK2 expression levels in prostate cancer tissues and cell lines.
To determine the role of DKK2 in prostate cancer, the mRNA expression levels of DKK2 were compared between prostate cancer tissues and adjacent normal prostate tissues. The mRNA expression of DKK2 was high in prostate cancer tissues compared with that in normal prostate tissues (Fig. 1A) . Consistent with the observations from tissue samples, it was demonstrated that the mRNA and protein expression levels of DKK2 were higher in the prostate cancer cells, PC-3 and DU-145, compared with the normal human prostate cells (Fig. 1B and C) .
Effects of transfection.
It is possible that DKK2 may be important in the development of prostate cancer. Therefore, the present study generated the stable knockdown DKK2 in 
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PC-3 and DU-145 cells. To test the efficiency of DKK2 transfection, RT-qPCR and western blotting were used to determine the mRNA and protein expression levels, respectively. As shown in Fig. 2 , the siRNA significantly decreased the protein and mRNA expression levels of DKK2 in PC-3 ( Fig. 2A) and DU-145 (Fig. 2B ) cells, as compared with the control group.
Effects of DKK2 on the proliferation of prostate cancer cells.
To investigate the effects of DKK2 on the proliferation of human prostate cancer cells, the cells were transfected with siRNA-DKK2 or siRNA-mock, and cell proliferation was measured using an MTT assay. As indicated in Fig. 3 , compared with the siRNA-mock, siRNA-DKK2 significantly inhibited the proliferation of PC-3 (Fig. 3A) and DU-145 (Fig. 3B ) cells, in a time-dependent manner. These results indicated that DKK2 promoted the proliferation of prostate cancer cells.
Effects of DKK2 on the invasion of prostate cancer cells.
To assess the effect of DKK2 on prostate cancer cell invasion, the cells were transfected with siRNA-mock or siRNA-DKK2 and were placed into a Boyden chamber coated with Matrigel. As shown in Fig. 4 , the number of siRNA-DKK2-transfected PC-3 and DU-145 cells that passed through the Matrigel was significantly inhibited compared with that derived from mock or non-transfected cells (P<0.05), suggesting that DKK2 enhanced the invasion of prostate cancer cells.
DKK2 exerts its function by promoting β-catenin signaling.
The present study next investigated a potential mechanism for DKK2-mediated cell migration and invasion. It is well known that DKK2 is a typical inhibitor of Wnt/β-catenin signaling pathway, hence the effects of siRNA-DKK2 on the downstream target genes of Wnt pathway, β-catenin, cyclin D1 and c-Myc, were investigated. As shown in Fig. 5 , the expression levels of β-catenin, cyclin D1 and c-Myc were significantly inhibited by siRNA-DKK2 in PC-3 and DU-145 cells.
Discussion
The present study found that DKK2 is markedly overexpressed in both prostate cancer tissues and cells. In addition, siRNA-DKK2 significantly suppressed the proliferation and the invasion by inhibiting the Wnt/β-catenin signaling pathway.
DKK1 was directly produced by prostate cancer cells, whereas normal prostate tissue did not produce this molecule. DKK1 has been reported to be upregulated in the sera of patients with prostate cancer (10) . DKK3 was also upregulated in the reactive stroma of prostate cancer tissue (11) . Consistent with the above results, the present study found that DKK2 is overexpressed in both prostate cancer tissues and cells. All findings indicated that DKK2 is an oncogenic factor in prostate cancer.
Cell proliferation and invasion are two of the most important features of malignant cell behavior. DKK3 has been reported to be associated with various cancer types and it is a tumor suppressor for human cancer growth (12, 13) . However, the function and biological role of DKK2 remains to be elucidated. In Ewing's sarcoma, DKK2 increases the proliferation, anchorage-independent colony formation, osteolysis and invasion of the sarcoma cells. In addition, it regulates the expression levels of different genes important for invasion into bone and osteolysis (8) . By contrast, overexpression of DKK2 suppressed malignant cell growth and invasion in human epithelial ovarian cancer cells (14) . These findings suggested that DKK2 performs an oncogenic or a tumor-suppressing function dependent on the cell type or context. The present study found that siRNA-DKK2 markedly inhibited the proliferation and invasion of prostate cancer cells, suggesting that DKK2 is important for promoting cell proliferation and invasion of prostate cancer. 
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Deregulation of the Wnt/β-catenin signaling pathway is a hallmark of various cancer types. β-catenin is a critical end component of the Wnt signaling pathway, which regulates cell growth, apoptosis and migratory behavior in response to intercellular adhesion molecules (15) . It was previously reported that KIF3a, a subunit of kinesin-II motor protein, functions as an agonist of the Wnt signaling pathway, and it increases CK1-dependent DVL2 phosphorylation and β-catenin activation in prostate cancer cells, leading to transactivation of the Wnt-signaling target genes, including cyclin D1, HEF1 and matrix metalloproteinase 9 (16) . Previous studies have shown that the expression levels of Wnt-1 and β-catenin were increased in invasive prostate cancer cell lines and in primary prostate cancer specimens (17) (18) (19) (20) . In line with these previous reports, the present study demonstrated that silencing of DKK2 significantly suppressed the expression of β-catenin, cyclin D1 and c-Myc in prostate cancer cells. β-catenin forms a cell adhesion complex with E-cadherin raising the possibility that loss of expression or a change in β-catenin distribution in the cell can also alter downstream signaling, decreased inter-cellular adhesion and the promotion of metastasis (21) . A previous study also demonstrated that a novel small molecule inhibitor of Wnt/β-catenin signaling, PKF118-310, inhibited proliferation and Wnt/β-catenin signaling in prostate cancer cells (19) . These results suggested that the inhibitory effect of siRNA-DKK2 on prostate cancer cell proliferation and invasion may involve the suppression of the Wnt/β-catenin signaling pathway.
In conclusion, the present findings demonstrated that DKK2 downregulation suppressed the proliferation and invasion of prostate cancer cells by inhibiting the Wnt/β-catenin signaling pathway, which supported the notion that DKK2 may serve as a diagnostic biomarker for monitoring prostate cancer development and progression. Therefore, DKK2 is a potential therapeutic strategy for the treatment of prostate cancer. 
